The photoelectron asymmetry parameter 6 in LS-coupling is obtained as an expansion into contributions from alternative angular momentum transfers jt. The physical significance of this expansion of a is shown to be that: 1) The electric dipole interaction transfers to the atom a characteristic single angular momentum jt =Zo' where Sis the photoelectron's initial orbital momentum, whereas 2) angular momentum transfers jt o indicate the presence of anisotropic (i.e., term-dependent) interaction of the outgoing photoelectron with the residual ion. For open-shell atoms the photoelectron-ion interaction is generally anisotropic; photoelectron phase shifts and electric dipole matrix elements depend on both the multiplet term of the residual ion and the total orbital momentum of the ion-photoelectron final-state channel. Consequently 8 depends on the term levels of the residual ion and contains contributions from all allowed values of jt. These findings contradict the independent particle model theory for 5, which ignores final-state electron-ion interaction and to which our expressions reduce in the limiting cases for which only jt = to is allowed, namely 1) spherically symmetric atoms [e.g., closed-shell atoms] and 2) open-shell atoms for which the electron-ion interaction is isotropic [e.g., very light elements]. Numerical calculations of the asymmetry parameters and partial cross sections for photoionization of atomic sulfur are presented to illustrate the theory and to demonstrate the information on electronion dynamics that can be obtained from the theoretical and experimental study of 5 for open-shell atoms.
ABSTRACT
The photoelectron asymmetry parameter 6 in LS-coupling is obtained as an expansion into contributions from alternative angular momentum transfers jt. The closed-shell atoms. 5 ' 6 For other than the lightest open-shell atoms, however, we expect anisotropic electron-ion interactions to produce photoelectron angular distributions that deviate significantly from the predictions of the Cooper-Zare theory.
Our conclusions, described above, are contained implicitly in the LS-coupling formulas for the angular distribution asymmetry isk 8 9 bJaosadBre 10 parameter obtained by Lipsky 8 '9 and by Jacobs and Burke,1 whose formulas are in principle equivalent to ours. The advantage of the angular momentum transfer expansion employed in this paper, however, is that such conclusions follow explicitly from our formulation.
Hartree-Fock calculations of the angular distribution of electrons photoionized from atomic sulfur, a typical open-shell atom, are presented to illustrate our theoretical predictions.
In Section II we summarize the angular momentum transfer formulation of the differential photoionization cross section. We also exhibit how the angular momentum transfer probes anisotropic electron-ion interactions. The formulas in this section depend on the amplitude for photoionization with a particular value of the angular momentum transfer.
The form of this amplitude in LS-coupling, a main result of this paper, is obtained in Section III. In Section IV we illustrate the theory by calculating the photoelectron angular distribution of atomic sulfur.
Lastly, we discuss our conclusions in Section V. A brief report of these results has been published elsewhere. 11
II. SUMMARY OF THE ANGULAR MOMENTUM TRANSFER FORMULATION
The ejection of an electron e-from an unpolarized atomic target A by electric dipole interaction with an incident photon y may be represented schematically as
The differential cross section for this process can be separated into contributions characterized by alternative values of the angular momentum transfer,
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Jt Jy c + s -Jo, (2) provided no measurement is made of either the photoelecron spin or the orientation of the residual ion. The vector Jt is the angular momentum transferred between the unobserved initial and final angular momenta in the reaction, i.e., between the total angular momentum J0 of the target A and the combined angular momenta of the residual ion A and the photoelectron spin s, which we denote J cs Jc + s. Allowed values of jt are determined by conservation of angular momentum J and parity r in Reaction '(1):
The general form of the differential cross section for Reaction (1)
-d=
Here a is the total cross section, e is the angle between the axis of linear polarization of the incident light and the direction of the outgoing photoelectron, and a is the asymmetry parameter. of the respective orbital momenta 2' and Lc . Owing to the resulting angular momentum exchanges t between the photoelectron and the core, only the total angular momentum L is conserved. (It is because of this dependence on L that we call these interactions anisotropic.) In
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particular, the photoelectron orbital momentum can change from 2' to 2 during the departure of the photoelectron from the atom, in which case the angular momentum transfer is no longer j = -0 but 
III. PHOTOIONIZATION AMPLITUDES ,(jt) in LS-COUPLING
The scattering amplitudes (t ) may be expressed as a sum of reduced electric dipole matrix elements, each one corresponding to a 3 given total angular momentum J:
0 at Jo Here, n(X) 4raMiw/(3X 2 ), J E (2J+l) 2 , o denotes the set of quantum numbers.necessary to uniquely specify the initial state, and the minus sign "-" indicates that the final state is normalized according to incoming-wave boundary conditions. Our task in this section is to obtain the LS-coupling form of the reduced electric dipole matrix element in Eq. (14) .
Before specializing to LS-coupling, however, let us consider the problem in general. The form of the reduced dipole matrix element in Eq. (14) is incon(enient for numerical calculation for two reasons.
Firstly, the final state ((JC s)JcsJ-j is defined in terms of the dissociation channel quantum numbers appropriate to the electron-ion system at infinite separation. In general it is more convenient to calculate the electric dipole matrix element for transition to one of the electron-ion eigenchannel states (aJI, where a denotes the eigenchannel coupling scheme. Secondly, it is much more convenient to calculate real matrix elements, and for this reason a transformation to the standing wave representation is desirable.
For these reasons, we expand the dipole matrix element in Eq. (14) as follows: 3
a Each term in the summation in Eq. (15) comprises three elements:
(1) The phase factor i-exp i(a(Jc ) +6(a)), which effects the change from incoming-wave to standing-wave normalization. Here u(Jc) c is the Coulomb phase, 
The phase 6(a) is the photoelectron phase shift with respect to Coulomb waves in the eigenchannel a and represents the effect of short-range electron-ion interactions. 
This evaluation may be carried out graphically, 18 but in what follows we shall proceed algebraically. to The third step is^reduce the matrix element of the electric dipole operator to a one-electron matrix element by factoring out the geometrical dependence on core and total orbital momenta: 20
In this equation the factor N 2 is a weight factor due to the presence of N equivalent electrons in the initial state. 18 2 2 The last step is to factor the reduced one-electron matrixelement into itsradial and angular parts: 22 (24) where the angular part is and radial dipole matrix-elements R on the fine structure levels.)
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We consider this dependence on Jcs and J in turn.
All of the dependence on Jcs in Eq. (29) is contained in the 3 -j geometrical factor (-1) cs oQ(jtJcJcs), which depends additionally on quantum numbers that are either fixed for a given ionization process (e.g., s,LoS 0 ,L c,ScJ c ) or enter incoherently in the differential and total cross sections (e.g., jt in addition to Jcs ). The square of this factor, with phase +1, enters into the definition of the cross section (Eq. (6)) and the asymmetry parameter (Eq. 
For each of the residual ion terms LcSc we present in Table I the allowed values of photoelectron angular momentum Z, angular momentum transfer it, reaction parity (where parity change = +1 is favored and parity change = -1 is unfavored), and the allowed values of total angular and spin momenta for the electron-ion system. We see that the 4S ion term has only the single angular momentum transfer 2 2 jt = o = 1 but that the 20 and 2 P ion terms both have other values of jt including parity unfavored values. Notice that for the 2D and 2 more P ion terms the k = 2 states have two orallowed values of LS, implying that there will be interference between phase shifts belonging to different final state channels. Notice that since the HS continuum wave functions do not depend on the ionic term level the asymmetry parameters for each ion term, when plotted versus photoelectron kinetic energy c, are identical. Discrete wave functions for both the ion and the atom were taken to be the tabulated HS neutral-atom discrete wave functions. LcScL
In Fig. 2 we have plotted HF phase shifts 6 LSd for the ionic term level 2D as a function of photoelectron kinetic energy c. The three allowed values of L are listed in Table I . These phase shifts differ by as much as 0.7 radian indicating that anisotropic electronion interactions are significantly large.
In Fig. 3 we have plotted the three asymmetry parameters corresponding to the three alternative ionic term levels resulting from photoionization of the sulfur atom. Contrary to the Cooper-Zare model, these asymmetry parameters are significantly different from one another when plotted as a function of photoelectron kinetic energy. In this plot the length formula for electric dipole transitions has been used 27 since this is the correct one for HF calculations. 27 In Table II , however, we list calculated HF asymmetry parameters using both length and velocity formulas for the dipole matrix elements in order to show that for most energies listed the differences between the asymmetry parameters for different ion terms are larger than the length and velocity difference for a given ion term. We also list for comparison the 8 parameter calculated using HS wave functions and the Cooper-Zare formula for 5 (i.e., Eq. (40)). The HS wavefunctions are quite different from the HF wave functions and thus the HS asymmetry parameter does not seem to be an "average" of the HF asymmetry parameters at low energies.
In Table III we have plotted HF and HS cross sections for photoionization of sulfur. Note that the HS cross section is a total cross section and would correspond to the sum of the three HF partial cross sections at a given photon energy. However, we have plotted the HF partial cross sections as functions of photoelectron kinetic energy for comparison with Table II. Comparing Tables II and III, we see that the largest differences in the asymmetry parameters occur for energies 1.5Ry e 2.1Ry. This is just before the Cooper minima 28 in the cross sections, which occur in the region 2.1Ry 5 e 5 2.8Ry.
The cross.sections in the region 1.5Ry 5 e 5 2.1Ry are of the order of 10-18 cm 2 and thus measurement of for the different thresholds should be experimentally possible, if not for sulfur then for some other element. Simply put, we wish to emphasize that the differences we have found between the asymmetry parameters for the different ionic term levels are not dependent on being at a cross section minimum.
Indeed, as seen in Fig.. 3 and Tables II and III there Lastly, we point out that our formulas for photoelectron angular distributions have been derived for any electron-ion coupling scheme, but worked out in detail only for LS-coupling. In general the electronion interaction is best described in an intermediate coupling scheme, particularly in semi-empirical calculations. 3 Nearly all ab initio atomic calculations, however, use the LS-coupling scheme and it is for these calculations that our formulas have been worked out most fully.
While we.have calculated phase-shifts and dipole matrix elements in HF approximation, other more accurate procedures (e.g., many-body perturbation theory, random-phase approximation, etc.) may be used to compute these quantities for use in our formulas for the asymmetry parameter.. Similarly, while we have ignored fine structure splittings of the ionic core, these may easily be included in angular distribution calculations using our formulas as discussed at the end of Section III. 
